All relevant data are within the paper.

Introduction {#sec001}
============

Neocortical pyramidal neurons possess a cationic current which shows pronounced outward rectification \[[@pone.0132108.ref001]\]. Because it entails cesium permeability, we call it I~cs~. It survives as the only ionic current following blockade of voltage-gated Na^+^ and Ca^2+^ channels \[[@pone.0132108.ref002],[@pone.0132108.ref003]\]. I~cs~ was first described by Alzheimer \[[@pone.0132108.ref001]\], who suggested that it is a non-specific cationic current. Subsequent authors have noted the similarity between the I-V relationship of this current and that of certain TRP channel complexes \[[@pone.0132108.ref004]\]. Immunohistochemical evidence indicates the presence of various TRP channels in cortical neurons \[[@pone.0132108.ref004]--[@pone.0132108.ref006]\], and TRP channel conductance has been hypothesized to play a role in diverse normal and pathological cortical functions \[[@pone.0132108.ref007]--[@pone.0132108.ref010]\]. However, there has been no conclusive evidence that I~cs~ entails flux of any cations other than Cs^+^ and K^+^. We therefore set out to determine whether I~cs~ is indeed a non-specific cationic current, and whether it may be mediated by TRP channels. We now report that all available evidence indicates that the channels responsible for I~cs~ are permeable neither to Na^+^ nor to Ca^2+^, and that it is probably an example of a cesium-permeable delayed rectifying K^+^ channel.

Methods {#sec002}
=======

Animals {#sec003}
-------

All experiments were approved by the Animal Care and Use Committee of The Hebrew University of Jerusalem. Experiments were performed in coronal slices from the somatosensory cortex of wild type (CD-1) and knockout (TRPC1^-/-^, TRPC5^-/-^) \[[@pone.0132108.ref011]\] mice at the postnatal day 12 to 21.

Slice preparation and maintenance {#sec004}
---------------------------------

Experimental procedures were as previously reported from our laboratory \[[@pone.0132108.ref003]\]. Briefly: animals of either sex were deeply anesthetized with Nembutal (60 mg/kg), and killed by decapitation. Their brains were rapidly removed and placed in cold (\<4°C), oxygenated (95% O2--5% CO2) artificial cerebro-spinal fluid (aCSF). Coronal slices, 300--400μm thick, from a region corresponding to the primary somatosensory cortex were cut using a vibratome (Series 1000; Pelco International, Redding, CA) and were placed in a maintenance chamber containing aCSF at room temperature. After a minimum of half an hour of recovery time they were transferred to a recording chamber.

Patch-clamp recording {#sec005}
---------------------

Whole-cell recordings from layer 5 neurons were either made blindly \[[@pone.0132108.ref012],[@pone.0132108.ref013]\] or under infrared differential interference contrast (IR-DIC) microscopic control \[[@pone.0132108.ref014]\]. For blind recording, the slices were maintained in a small (300 μl) interface-type recording chamber \[[@pone.0132108.ref015]\]; for visually controlled recording, slices were held submerged in a chamber on a fixed stage of an Axioskop FS microscope (Carl Zeiss, Oberkochen, Germany). Currents were recorded in whole-cell configuration using an Axopatch 200A or Axopatch 200B amplifier (Molecular Devices, Foster City, CA). Patch pipettes were manufactured from thick-walled borosilicate glass capillaries (outer diameter, 1.5 mm; Hilgenberg, Malsfeld, Germany) and had resistances of 5--7 MΩ for somatic recordings. All recordings were made at 32--36°C. Command voltage protocols were generated and whole-cell data were acquired on-line with a Digidata 1320A analog-to-digital interface. Data were low-pass filtered at 2 kHz (-3 dB, four-pole Bessel filter) and digitized at 20 kHz. Leak currents were subtracted offline.

Care was taken to maintain membrane access resistance as low as possible (usually 5--8 MΩ and always less than 13 MΩ). Capacitive currents were reduced before break-in using the amplifier circuitry.

The aCSF contained the following (in mM): 124 NaCl, 3 KCl, 2 CaCl~2~, 2 MgSO~4~, 1.25 NaH~2~PO~4~, 26 NaHCO~3~ and 10 glucose, pH 7.3 at 36°C when bubbled with a 95% O~2~−5% CO~2~ mixture. In many experiments, the aCSF also contained the following channel blockers (in μM): 200 Cd^2+^, 1 Tetrodotoxin (TTX), 20 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 10 Bicuculline (BMI). Unless otherwise noted, the pipette solution contained the following (in mM): 135 CsCl, 2 MgCl~2~, and 10 HEPES (cesium salt), pH 7.25.

Imaging {#sec006}
-------

Sodium and calcium imaging were performed using Sodium-binding benzofuran isophthalate (SBFI) and Oregon Green 488 BAPTA-1 (OGB1) fluorescence (respectively), excited with a high-intensity LED device \[385 or 480 nm; Prizmatix, Israel\]. The emission was collected with modified Olympus U-MNU2 and U-MNIBA2 filter sets (DC = 400 nm, EM = 420 nm and DC = 505 nm, EM = 530(20) nm, respectively). Changes in fluorescence were acquired using a back-illuminated 80 × 80 pixel cooled camera (NeuroCCDSMQ; RedShirt Imaging) controlled by Neuroplex software. Images were acquired at 500 frames per second. Indicator bleaching was corrected by subtracting an equivalent trace without electrical stimulation. To improve the signal-to-noise ratio of the traces, 5 to 10 trials were typically averaged.

Data analysis {#sec007}
-------------

Data averaging, digital subtraction of null traces, and current peak detection were made using pClamp 9.0 (Molecular Devices). Data were fitted using Origin (OriginLab, Northampton, MA). Values are given as mean ± SE. Student's t test was used for statistical analysis.

The cation permeability ratio was calculated by solving the Goldman-Hodgkin-Katz equation assuming that the extracellular Cs^+^ concentration and intracellular K^+^ concentrations are equal to zero and that the channel is only permeable to these ions.
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When *Vm (reversal potential of the current)* = -40 mV.

Results {#sec008}
=======

Recordings were made from 53 Layer 5 pyramidal neurons, as identified by their typical morphology, relatively large size and appropriate distance from the pia (350--550 μM). When voltage clamped, a negative current was recorded at -70 mV, as expected when Cs^+^ replaced K^+^ as the main intracellular cation. In the presence of DNQX (25 μM), APV (40 μM), BMI (10 μM), Cd^2+^ (200 μM) and TTX (1 μM), all neurons generated I~cs~: a prominent, outwardly rectifying, voltage-dependent current when depolarized to voltages more positive than -20 mV ([Fig 1A and 1B](#pone.0132108.g001){ref-type="fig"}). After break-in, I~**cs**~ decreased by about 15% during the first five minutes, and after this initial period of rundown, it remained stable for several hours. The peak current amplitude (+40 mV) recorded at this time was 1.93 ± 0.14 nA (n = 16 neurons). During prolonged (10 s) depolarizing voltage steps, the current underwent voltage-independent inactivation with a time constant of 6--7 seconds (data not shown).

![I~cs~ in cortical layer 5 pyramidal neurons.\
*A*: Whole cell, voltage clamp recording while blocking Na^+^ currents with TTX (1μM), Ca^2+^ currents with Cd^2+^ (200μM) and Cs^+^ (135mM) in the recording pipette to block K^+^ currents. Voltage steps (10 mV increments) revealed an outward current at voltages more depolarized than -20mV. *B*: In the same cell, a slow (110 mV/s) voltage ramp (-70 to +40 mV) generated an outward rectifying instantaneous IV curve similar to the one in A (red squares). *C*: Repolarizing voltage steps from +40 mV (10 mV increments) reveal tail currents at potentials more negative than -40 mV *(left)*. *Right*: IV curve for this cell shows reversal at around -40 mV. Inset: distribution of reversal potentials of I~cs~ for 8 neurons.](pone.0132108.g001){#pone.0132108.g001}

Voltage dependence of I~cs~ {#sec009}
---------------------------

The voltage dependence of I~cs~ is shown by the family of curves in [Fig 1A](#pone.0132108.g001){ref-type="fig"}. The activation kinetics clearly accelerated with depolarization. [Fig 1B](#pone.0132108.g001){ref-type="fig"} shows the current response of the same representative cell to a slow voltage ramp from -70 to +40 mV. Both the IV curve generated by depolarizing steps (red squares) and the ramp-generated instantaneous IV curve show a prominent outward rectification. Voltage steps were followed by an inward tail current. In [Fig 1C](#pone.0132108.g001){ref-type="fig"}, return to different potentials after the voltage step revealed that the reversal potential of the tail was -40 mV. Alzheimer \[[@pone.0132108.ref001]\] suggested that the deviation of this reversal potential from -70 mV indicates that the rectifying current is carried not only by K^+^ ions (or Cs^+^ under these experimental conditions) but also by Na^+^ and/or Ca^2+^, and he therefore referred to it as a non-selective cationic current.

Kinetics of I~cs~ {#sec010}
-----------------

In order to study the voltage-dependence of activation of I~cs~ we applied voltage steps from -70 mV to potentials more positive than -20 mV ([Fig 2A](#pone.0132108.g002){ref-type="fig"}) and plotted the resultant activation time constants ([Fig 2C](#pone.0132108.g002){ref-type="fig"}, empty squares, n = 5). Analysis of the tail currents following steps from +20 mV to negative potentials ([Fig 2B](#pone.0132108.g002){ref-type="fig"}) revealed the voltage dependence of deactivation ([Fig 2C](#pone.0132108.g002){ref-type="fig"}, filled squares, n = 5).

![Voltage-dependent activation and deactivation of I~cs~.\
*A*: Response of a representative neuron to depolarizing voltage steps from a holding potential of -70 mV. Application of voltage steps (lower panel) resulted in outward currents (upper panel, solid lines) which were fitted mono-exponentially (dashed lines). *B*: Hyperpolarizing steps (lower panel) from +20 mV, resulted in inward tail currents (upper panel, solid lines). Deactivation of I~cs~ was voltage-dependent and was also fitted with single exponentials (dashed lines). *C*: Time constants of activation (empty squares) and deactivation (filled squares) as a function of membrane voltage (n = 5 neurons).](pone.0132108.g002){#pone.0132108.g002}

Cation permeability during I~cs~ {#sec011}
--------------------------------

We reasoned that if I~cs~ is indeed a non-specific cationic current, it should be associated with detectible influx of Ca^2+^ and/or Na^+^ ions. We tested this by simultaneously imaging and recording after intracellularly applying appropriate ion-selective fluorescent dyes. The cell illustrated in [Fig 3A](#pone.0132108.g003){ref-type="fig"} is representative of 3 neurons which were filled with OGB1 to determine Ca^2+^ flux. In the presence of 1μM TTX, a slow voltage ramp generated a sizable voltage-dependent rise in intracellular Ca^2+^ which was accompanied in the electrical trace by Ca^2+^ action currents. However, after blockade of voltage-dependent Ca^2+^ currents with Cd^2+^, all signs of Ca^2+^ flux disappeared from both the imaging and the electrical traces while I~cs~ persisted. Similarly, the cell in [Fig 3B](#pone.0132108.g003){ref-type="fig"} is representative of 7 cells filled with the sodium-sensitive dye, SBFI to reveal Na^+^ flux. With Cd^2+^ in the bath, a slow depolarizing ramp from -70 to 0 mV generated a large persistent Na^+^ current and a concomitant rise in intracellular Na^+^ concentration. Addition of TTX to block voltage-gated Na^+^ channels completely removed evidence of Na^+^ flux and the associated inward current, again leaving I~cs~. In both cases, these findings were true not only for the cell body but also for proximal dendrites (not shown). It is noteworthy that this imaging technique is quite sensitive to relatively small fluxes of cation in these cells. Thus, single action potentials, which are less than 1.5 ms in duration, are associated with detectible changes of somatic Na^+^ flux \[[@pone.0132108.ref016]\], and somatic Ca^2+^ is commonly used as an indication of action potential generation \[[@pone.0132108.ref017]\]. Because I~cs~ is a large, persistent current which integrates the flux, we would expect a non-negligible Na^+^ or Ca^2+^ component to be readily detected under our experimental conditions. Yet, the imaging experiments provided no evidence for a Na^+^ or a Ca^2+^ component to I~cs~.

![I~cs~ is not associated with detectible influx of Ca^2+^ or Na^+^.\
*A*: *Image*: A layer 5 neuron during fluorescent Ca^2+^ imaging with OGB-1 in the recording electrode. *Traces*: -70 to +40 mV ramps resulted in Ca^2+^ influx *(upper black trace)* and electrically recorded Ca^2+^ action currents (*middle black trace)*. Adding 200μM Cd^2+^ to the bath completely eliminated the Ca^2+^ flux (*upper red trace)*, leaving only I~cs~ (*middle red trace*). *B*: *Image*: A layer 5 neuron during fluorescent Na^+^ imaging with SBFI in the recording electrode. *Traces*: -70 to 0 mV ramps resulted in Na^+^ influx and *(upper black trace)* and electrically recorded persistent Na^+^ current (*middle black trace)*. Adding 1μM TTX completely eliminated both the Na^+^ flux and the persistent Na^+^ current.](pone.0132108.g003){#pone.0132108.g003}

Pharmacological sensitivity of I~cs~ {#sec012}
------------------------------------

We attempted to identify the molecular origin of I~cs~ by adding a variety of potential antagonists to the bathing fluid ([Fig 4A](#pone.0132108.g004){ref-type="fig"}). Neither the gap-junction blocker carbenoxelone (100μM) nor the pannexin1 blocker probenecid (2 mM) had any significant effect on I~cs~. We considered the possibility that I~cs~ might be mediated by one or more of the family of TRP channels, and these are notoriously difficult to manipulate pharmacologically \[[@pone.0132108.ref018]\]. SKF96365 (100μM), a reagent which was originally identified as a blocker of receptor-mediated Ca^2+^ entry \[[@pone.0132108.ref019]\], and which has been shown to be effective on several TRPC channels \[[@pone.0132108.ref020],[@pone.0132108.ref021]\] also had no significant impact on I~cs~. Application of 100μM of the IP3 inhibitor, 2-ABP \[[@pone.0132108.ref022]\], also did not cause a significant block of the current. Application of (100μM) La^3+^, a non-specific TRP-channel blocker \[[@pone.0132108.ref023],[@pone.0132108.ref024]\] did cause a significant reduction in current amplitude by 45 ± 9%. Finally, in agreement with \[[@pone.0132108.ref001]\], we found that extracellular application of the K^+^ channel blocker, TEA (40 mM) blocked the current by 51 ± 5% (n = 3). This, along with the imaging findings, led us to hypothesize that I~cs~ is primarily generated by K^+^ channels that are permeable to Cs^+^. TEA is specific and effective against delayed rectifier K^+^ channels when applied from the inside of the membrane \[[@pone.0132108.ref025]\]. [Fig 4B](#pone.0132108.g004){ref-type="fig"} shows that when we replaced 30 mM Cs^+^ in the intracellular pipette with TEA, I~cs~ was almost entirely blocked. The effect was quantified by comparing the current amplitude at +40 mV of cells recorded with Cs^+^ electrodes or with TEA electrodes (n = 7 neurons for each group).

![Pharmacological sensitivity of I~cs~.\
*A*: Changes (as compared to break-in) in current amplitude at +40 mV in response to the potential I~cs~ antagonists: carbenoxelone (100 μM), SKF96365 (100 μM), 2-APB (100 μM), La^3+^ (1 mM) and TEA (40 mM). La^3+^ concentration was reduced to 100 μM when co-applied with TEA. *B*: Comparison of current amplitudes at +40 mV when recording electrodes contained either Cs^+^ (135 mM) or Cs^+^ + TEA (30 mM of TEA replaced) to block K^+^ channels. *P* values represent comparison to control, *P* \> 0.05; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). Data shown are averages and error bars represent s.e.m.](pone.0132108.g004){#pone.0132108.g004}

I~cs~ is present in neurons from specific TRP knockouts {#sec013}
-------------------------------------------------------

Strübing et al. \[[@pone.0132108.ref004]\] reported that coexpression of TRPC1 and TRPC5 results in an outward rectifying non-specific cationic channel which, they suggested, might account for the current reported by Alzheimer in cortical neurons. We therefore sought I~CS~ in neurons from animals in which TRPC1 or TRPC5 had been knocked out. The representative traces in [Fig 5](#pone.0132108.g005){ref-type="fig"} show that I~cs~ recorded in cells from knock-out cortex was not different than that seen in wild type cortex. To quantify the I-V curve shape we calculated the rectification index, which was expressed as a ratio of the slope of a linear fit between +30 and 40 mV to the linear fit between -70 and -60 mV \[[@pone.0132108.ref026]\]. The rectification indices of 5 wild type neurons, 5 TRPC1^-/-^ neurons and 3 TRPC5^-/-^ neurons ([Fig 4B](#pone.0132108.g004){ref-type="fig"}) were not significantly different.

![Layer 5 neurons I-V curves are similar in neurons lacking TRPC1 or TRPC5 channels.\
*Left*: representative instantaneous *I-V* curves during slow ramps from wild type (black), TRPC1 KO (red) or TRPC5 KO (blue). *Right*: IV curve shape for the groups, as quantified by the rectification index (see [results](#sec008){ref-type="sec"}) is not significantly different. Data shown are averages and error bars represent s.e.m. (*P* \> 0.05).](pone.0132108.g005){#pone.0132108.g005}

Discussion {#sec014}
==========

These data lead us to conclude that I~cs~ is not a non-specific cationic current as previously proposed; rather, we suggest that it is mediated by delayed-rectifier K^+^ channels that are permeable to Cs^+^. Thus, the voltage dependence, the activation and deactivation kinetics and the pharmacological phenotype resemble other neuronal delayed rectifier K^+^ channels \[[@pone.0132108.ref027]--[@pone.0132108.ref029]\]. We used ion-sensitive dyes to directly test for Ca^2+^ and Na^+^ influx into the somatodendritic compartment while activating I~cs~ and found no evidence for such fluxes. Finally, we asked whether TRPC1 or TRPC5 participate in generating I~cs~ as has been hypothesized \[[@pone.0132108.ref004]\]. The kinetic and voltage-dependent characteristics of I~cs~ in TRPC1^-/-^ and TRPC5^-/-^ animals were not different from those recorded in WT.

The electrophysiological properties of I~cs~ recorded from murine layer 5 pyramidal cells are similar to those of other neuronal delayed rectifier voltage gated K^+^ channels. A study \[[@pone.0132108.ref028]\] in chick dorsal root ganglion (DRG) neurons demonstrates this resemblance; both currents activate when the membrane is depolarized above -20 mV, both have an activation time constant in the 5--25 ms range (shorter in more positive voltages) and a deactivation time in the 20--80 ms range at -90 to -60 mv \[[@pone.0132108.ref025]--[@pone.0132108.ref028]\]. Moreover, these delayed rectifier K^+^ channels from DRG neurons are permeable to Cs^+^ \[[@pone.0132108.ref027]\]. This is one of many reports highlighting the Cs^+^ permeation through delayed rectifier K^+^ channels \[[@pone.0132108.ref027],[@pone.0132108.ref030]--[@pone.0132108.ref032]\]. Pharmacologically, I~cs~ was most sensitive to TEA, especially when used intracellularly. Our recordings show that I~cs~ amplitude was decreased by more than 75% when TEA was added to the recording electrode. Intracellular TEA has been reported to act as a selective delayed rectifier K^+^ channel blocker \[[@pone.0132108.ref025]\] and it is regularly used to differentiate K^+^ from TRP channels \[[@pone.0132108.ref033]\]. When added to the ringer, 40 mM TEA blocked approximately 50% of I~cs~, which is typical for several delayed rectifier K^+^ channels. Interestingly, relatively low TEA sensitivity has been reported for other Cs^+^ permeable forms of these channels \[[@pone.0132108.ref030],[@pone.0132108.ref034]\]. I~cs~ was also sensitive to La^3+^, which is regularly used to block a wide range of TRP channels \[[@pone.0132108.ref035]\]. However, this compound cannot be considered as specific for TRP channels as they have been shown to be effective at blocking delayed rectifier K^+^ currents as well \[[@pone.0132108.ref036],[@pone.0132108.ref037]\].

The presence of inward tail currents upon repolarization to -70 mV was originally taken \[[@pone.0132108.ref001]\] as an indication that I~cs~ is a non-specific cationic current, since the reversal potential is apparently more depolarized than E~K~. This, however, is more likely a reflection of the experimental recording conditions. In all of these experiments, as with those reported in \[[@pone.0132108.ref001]\], at least 3mM of K^+^ were included in the ACSF, and since the channels which generate I~cs~ pass Cs^+^ but have a higher permeability to K^+^, it is likely that tail current with a depolarized reversal potential is generated by inward K^+^ currents. The Goldman-Hodgkin-Katz equation predicts that the observed reversal potential of about -40 mV would be expected if the ratio of permeability for Cs^+^ vs. K^+^, *P* ~Cs~ / *P* ~K~, is around 0.11 (see [methods](#sec002){ref-type="sec"}). This permeation preference for K^+^ is similar to that reported for cesium-permeable delayed rectifier K^+^ channels in bullfrog neurons (*P* ~Cs~ / *P* ~K~ = 0.17) \[[@pone.0132108.ref027]\], though it is lower than that reported in embryonic chick dorsal root ganglion neurons (*P* ~Cs~ / *P* ~K~ = 0.25) \[[@pone.0132108.ref028]\].

TRP channels have been the focus of much interest in recent years, as evidence accumulates for their role in neuronal function. TRPCs mRNAs are widely expressed in many CNS tissues including cortex, hypothalamus, hippocampus, mid-brain and cerebellum \[[@pone.0132108.ref038]--[@pone.0132108.ref041]\]. Strübing et al. \[[@pone.0132108.ref004]\] showed that when the heteromer of TRPC1 and TRPC5 channel subunits are co-expressed they form a channel with characteristics different than those seen when the channels are expressed separately. In the developing mouse brain TRPC1 and TRPC5 mRNAs are strongly expressed in the cortex \[[@pone.0132108.ref042]\], suggesting that such a heteromer may play a major role in cortical neuronal function. However, such evidence is still lacking \[[@pone.0132108.ref043]\]. We found no evidence for direct involvement of TRPC1 and TRPC5 in the whole cell conductance of layer 5 neurons.

In summary, while our electrophysiological and imaging data in no way suggest that TRP channels are not present or that they don't serve an important function; they do, however, indicate that these channels are not constitutively active in this cell type.
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